Pinning force data, F p , of a variety of Fe-based high-T c superconductors (11-, 111-, 122-and 1111-type) were analyzed by means of a scaling approach based on own experimental data and an extensive collection of literature data. The literature data were mostly replotted, but also [1] E.
I. INTRODUCTION
of conventional conventional, hard type-II superconductors [18] [19] [20] [21] . The scaled pinning force data were then fitted to the functional dependence given by
with A being a numerical parameter, and p and q are describing the actual pinning mechanism. The position of the maximum in the F p plot, h 0 , is given by p/p + q. In the model of DH, six different pinning functions f (h) describing the core pinning using Eq. (1) are given.
(1) p =0, q =2: normal, volume pinning; (2) p =1, q = 1: ∆κ-pinning, volume pins; (3) p =1/2, q =2: normal, surface pins; (4) p =3/2, q =1: ∆κ-pinning, surface pins; (5) p =1, q =2: normal, point pins; and (6) p =2, q =1: ∆κ-pinning, point pins. Additionally, (3) is predicted by Kramer 16 for shear-breaking in the case of a set of planar pins. The ∆κ-pinning is nowadays called δT c -pinning 23 . In a recent work 24 , these six functions plus the ones for magnetic pinning were analyzed and it was found that they are linearly dependent, so some functions could be removed from the analysis. In the present case, we regard only the 6 functions mentioned above.
For various high-T c cuprate materials, a reasonably good scaling of F p is found as well,
however, experiments have shown that the appropriate scaling field is the irreversibility field H irr instead of H c2 . The use of the irreversibility field for the scaling was already discussed in Refs. [25] [26] [27] ; H irr represents the upper limit of strong flux pinning, not H c2 as in the case of the conventional superconductors, as by definition F p → 0 at H = H irr . In general, one can state that any determination of the parameters p and q from scaling laws is more significant than one obtained only from measurements of the irreversibility line.
Good pinning force scalings were reported in YBa 2 Cu 3 O 7−δ (Y-123), the light-rare-earth [28] [29] [30] [31] [32] [33] . The peak position of the scaling obtained ranges from 0.33 up to 0.5; the latter indicating the presence of the δT c -pinning. The temperature range covered is mainly between 60 K and T c , which is on one hand corresponding to the experimentally available magnetic field range, and on the other hand also containing the most interesting features like the fishtail peak. Furthermore, it was attempted in 27 to include the effects of flux creep in the DH model, but it turned out that especially the peak position h 0 is independent of creep effects. For more details, see the reviews given in
In several papers in the literature, the pinning force scaling is performed using the peak field of a fishtail peak, H p , or the field where the maximum pinning force occurs, H(F p,max ), instead of H irr . H p or H(F p,max ) are experimentally directly accessible, so several authors prefer these fields, whereas the determination of H irr requires the use of a criterion, which can be arbitrarily fixed. However, the scaling is not always properly done, so one has to carefully check the procedures applied. Therefore, one has to re-plot the according data sets in order to allow a direct comparison of the results. Some authors have only presented data for the peak position, h 0 , and not the full parameters of a corresponding fit. These data sets were fitted by taking the parameters from the respective master curve, and the fit was started using the basic parameters of the DH model. The results of these treatments are indicated in Tables 1-4 by using italics. In some cases, the pinning force data or critical current densities are published without showing the results for H irr , so these data sets had to be excluded from the present analysis.
III. RESULTS AND DISCUSSION
In the following, the results of the pinning force scaling are presented for each of the four families of Fe-based superconductors. In Tables 1-4 Table 1 summarizes all pinning force scaling data published in the literature so far; the resulting pinning functions are plotted in Fig. 1 in order to enable a direct comparison of the data; the data set of the iron selenides (13) is indicated by a darker background in Table 1 .
The available The data sets (2), (11), (15) and (19) are the ones with the highest peak position, h 0 ; while the data (12) show a peak at 0.33, but an extremely broad scaling curve, which yields strong flux pinning in the high-field regime. The data of the iron selenide (13) fit well to the other family members; the peak position, h 0 , is found at 0.32.
The data of the ploycrystalline material (16) are not much different from the single crystal data of the same composition (6). The pinning function (6) was also observed in own SQUID-data of a single crystal, which are not shown here.
B. 1111-family
In the 1111-family, only some investigations of the flux pinning force scaling are reported;
but also on various types of materials (single crystals, polycrystalline samples and films).
All pinning force scaling data are collected in Table 2 determined values of q and p correspond well with the DH theory, and the peak position of the F p /F p,max vs. h = H a /H irr -plot can be calculated directly to h 0 = 0.5. For a cross check of the data, it was necessary to extract the H irr -data from their paper. However, the data published stem from a transport measurement employing pulsed currents, whereas the F p -data were obtained from a SQUID magnetometer. Luckily enough, H irr (T ) can be extracted from their F p (H)-graphs (their figure D2) . According to the authors, the possible pinning centers of the δT c -type may originate in the local phase variation due to the oxygen or/and fluorine inhomogeneities.
The thin film data (3) 57 exhibit a peak position at 0.33, and the published data were shown to fit excellently to the Kramer theory, which is similar to the findings of other thin film materials.
The authors of (4) 58 had plotted their data again in a scaling versus H(F p,max ), but did not perform any fits to the theory. Here, the data could be reworked in the same way like that of Ref. 56 , allowing them to be included here. Also here the peak position in the F p -scaling of 0.42 indicated flux pinning provided by δT c -type pinning being active in the samples.
The data (5) are exceptional in the sense that these authors 60 calculated F p -data and showed in their paper a kind of scaling but only for one temperature (20 K), however, for various Y-doping concentrations. Nevertheless, a fit to these data provided a very high peak position of 0.71, which is the highest value measured so far. Also, these materials, although being polycrystalline, exhibit a very large irreversibility field which is just outside the experimental field range of 16 T. Besides the fluorine substitution at oxygen site, the substitution of Nd
3+
with a relatively smaller ion like Y 3+ creates lattice defects in NdFeAs 0.7 F 0.3 and thereby improves the flux pinning capability of the system. Therefore, one may state here that it is obviously possible to even further increase the δT c -type pinning contribution within the 1111-family, which already shows the highest peak positions of all Fe-based superconductors.
C. 11-family
The 11-type material may be an interesting one for applications as it does not contain a toxic material like As and no expensive rare-earth material, so the production costs could be lowered. Therefore, some investigations concerning the pinning force scaling on this type of material can be found in the literature. These data [61] [62] [63] [64] are summarized in Table 3 and Figure 3 . Figure 3 shows clearly that the peak positions of the pinning force scaling are all located between 0.28 and 0.33, indicating a flux pinning being dominated by small normalconducting particles. Therefore, one can say that the flux pinning in the 11-family behaves similar to pure YBCO material. Additionally, the pinning function of the data set (13) of the 122-family is drawn here for comparison as this material is also a iron selenide material.
Even though the peak position of this data set is located at 0.32, the high-field side of the pinning function is different and more similar to the other 122-type data.
D. 111-family
In this type of material, only one report concerning the pinning force scaling is reported so far. The work of Shlyk et al. 65 reports a good scaling of F p versus the peak field, H(F p,max in Ga-doped LiFeAs. They obtained p = 2.06 and q = 0.71 from a fit to the Kramer theory. However, as the peak position in the pinning force scaling diagram is calculated via h 0 = p/p + q, this would yield h 0 = 0.74. This would be unreasonably high, so the data set had to be completely reworked. The irreversibility field, H irr , could be determined from their vs. h yields p = 3.73 and q = 3.98 as shown in Table 4 . The peak position determined here, h 0 , is still larger than 0.33, so the main conclusion of Shlyk et al. remains valid. This shows that the Ga-doping is introducing a stronger variation of T c as compared to undoped samples of the same type. Additionally, the crtical current densities of an undoped sample were measured in Ref. 65 , but no F p -scaling was given which would allow a comparison.
E. Remarks and analysis of the pinning force data
The present collection of pinning force data allows to draw some important conclusions about the flux pinning behavior in the Fe-based superconductors. However, here it is important to note that the relation between p and q, which is manifested by the peak position h 0 , is always in a reasonable range. In many cases, the fitting curves show deviations especially at the high-field side of the scaling diagram, which can be explained by flux creep effects. Such a behavior was already discussed in Ref. 27 , and this may also lead to sets of p and q being different from the DH model. 
